Abstract Kinases play a key role in cellular signaling, and the overactivation or overexpression of these kinases has been linked to a variety of cancers. Tyrosine kinase inhibitors treat the mechanism of these cancers by targeting the specific kinases that are overactive. Some patients, however, do not respond to these inhibitors or develop resistance to these inhibitors during treatment. Additionally, even within cancers of the same tissue type, different kinases may be overactive in different patients. For example, some lung cancers overexpress epidermal growth factor receptor (EGFR) and respond to EGFR inhibitors, whereas other lung cancers do not overexpress EGFR and receive no benefit from this treatment. Even among patients exhibiting EGFR overexpression, some do not respond to EGFR kinase inhibitors because other kinases, such as Met kinase, are also overactivated. Here we describe a quantitative and specific multiplexed microfluidic assay using a hydrogel immobilized substrate for measuring the kinase activity of Met and Abl kinase from cancer cells. We immobilized kinasespecific substrates on macroporous hydrogel micropillars in microchannels. These microchannels were incubated with 6 μl of a kinase reaction solution containing cancer cell lysate, and we measured kinase activity via fluorescence detection of a phosphotyrosine antibody. We showed that the assay can specifically measure the activity of both Met and Abl kinase within one microchannel and has the potential to measure the activity of as many as five kinases within one microchannel. The assay also detected Met kinase inhibition from lysates of cancer cells grown in the Met kinase inhibitor PHA665752. 
Introduction
Tyrosine kinases are important cellular signaling proteins, regulating processes such as cell proliferation, cell survival, and angiogenesis [1] . Overactivation of tyrosine kinases may result from kinase overexpression or deregulation of kinase activity and often leads to cancer. For example, epidermal growth factor receptor (EGFR) and Met kinase are often overexpressed in non-small-cell lung cancer (NSCLC) tumors [2] . In almost all cases of chronic myeloid leukemia (CML), Abl kinase has been mutated to the constitutively active Bcr-Abl kinase through a chromosomal translocation between chromosomes 9 and 22 [3] .
Tyrosine kinase inhibitors (TKIs) offer a targeted approach for treating cancers caused by overactive kinases. Since the emergence in 2001 of imatinib mesylate, which inhibits Bcr-Abl kinase and changed the 5-year survival rate for CML from 37.7 to 89 % [4, 5] , much effort has gone into finding new inhibitors and identifying kinases to target. Approximately one third of current protein pharmaceutical targets are kinases [6] . Unfortunately, many patients do not respond to these drugs. Although a lack of response to TKIs may be because a particular kinase is not overactive in a patient, it may also be because multiple kinases are overactive in a patient. Amplification of Met kinase is thought to be the cause of TKI resistance in about 20 % of NSCLC patients who acquire resistance to EGFR inhibitors during treatment [7] . Mutations in an overactive kinase that allow it to avoid being bound by kinase inhibitors may also confer resistance [8] . Second-generation TKIs, such as the Bcr-Abl kinase inhibitors dasatinib and nilotinib, have been developed to circumvent some resistance issues such as particular kinase mutations [9] . Since TKIs select for nonresponsive cancer cells, these cells accumulate over time, so some patients develop resistance to a TKI during treatment. Although PCR and oligonucleotide arrays can assess gene transcript levels and immunocytochemistry can qualitatively assess protein expression levels, these methods provide insufficient information on kinase activity and the efficacy of particular inhibitors for a particular patient [10] . A primary culture of patient cancer cells grown with an inhibitor could potentially predict the effect of specific TKIs, but this process requires days or weeks. Assessment of tumor response to treatment also requires at least weeks of treatment [11] . No method exists to quickly determine which kinases are overactive in a patient and which of these TKIs will be effective for that patient. A method is also needed to quickly determine if a patient has become resistant to a particular inhibitor. As the number of targeted kinases and available kinase inhibitors continues to increase, there is also a need for diagnostics with multiplexed detection of kinase activity.
Hydrogels offer a variety of advantages for biological diagnostics and have been used to detect messenger RNA and proteins, recognize glycoproteins, and measure kinase activity [12] [13] [14] [15] [16] [17] [18] . The hydrated, 3-D environment within hydrogels allows proteins to remain in a more native and active conformation, and tunable parameters such as stiffness and porosity may be modified to best fit the needs of the application [19] . Hydrogels may also be chemically modified for covalent attachment of proteins or other molecules [15] .
Microfluidic devices permit precise spatial and temporal control over flow and require only small sample and reagent volumes. In addition, microfluidic devices are amenable to automation and may have a larger dynamic range than traditional biochemical assays [20, 21] . Several groups have developed electrochemical-based microchannel systems to detect cancer biomarkers such as prostate specific antigen, α-fetoprotein, and carcinoembryonic antigen [20] .
Here we report a quantitative and specific multiplexed microfluidic assay using a hydrogel immobilized substrate for measuring the kinase activity of Met kinase and Abl kinase from cancer cells. In this assay, we immobilized substrates for both Met and Abl kinase on macroporous hydrogel micropillars within a microchannel. We then incubated cancer cell lysates within these microchannels and measured the phosphorylation of the kinase-specific substrates through fluorescence detection of a phosphotyrosine antibody. Macroporous hydrogels provide improved macromolecular transport rates over nonmacroporous hydrogels and increase detection sensitivity [13] . Since we used whole cell lysate, which eliminates kinase loss during purification, and an immobilized substrate, our assay provided quantitative information on the kinase activity in the cell population. This assay specifically measured the kinase activity of both Abl and Met kinase in cancer cells and shows potential to measure the activity of up to five kinases within one microchannel. We also detected inhibition of Met kinase activity from cells that have been grown in the Met kinase inhibitor PHA665752, simulating cells from a patient currently receiving tyrosine kinase treatment.
Materials and methods

Producing glutathione S-transferase fusion proteins
The previously described Escherichia coli BL21 strains containing the pGEX-4 T1 vector with inserted amino acid sequences for Gab1 residues 431-561, Crkl residues 120-303, or EGFR pathway substrate 15 (Eps15) residues 758-881 were used to produce the fusion proteins glutathione Stransferase (GST)-Gab1, GST-Crkl, and GST-Eps15 [12, 14, 22] . An additional BL21 strain containing the pGEX-4 T1 vector with the inserted sequence for tensin residues 1392-1672 was used to produce GST-tensin. To produce these proteins, BL21 cells were grown in 2× yeast-tryptone medium (16 g tryptone, 10 g yeast extract, 5 g NaCl in 1 L H 2 O) to an optical density at 600 nm of 0.6. Protein production was induced using 1 mM isopropyl β-D-thiogalactopyranoside for 4 h at 37°C. Cells were centrifuged for 20 min. The supernatant was removed, and the cells were washed with cold phosphate-buffered saline (140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , and 1.7 mM KH 2 PO 4 ) and centrifuged as before. The supernatant was again removed and B-PER II bacterial protein extraction reagent with cOmplete protease inhibitor cocktail was used according to the manufacturer's instructions to lyse the cells. To avoid clogging the purification column, the viscosity of the solution was reduced by mild sonication. The sample was sonicated for 15 s, followed by 45 s rest, and the sonication procedure was repeated four times. The lysate was passed through an 18-gauge syringe needle and centrifuged for 20 min at 3,720g, and the resulting supernatant was recovered. The viscosity of the solution was further reduced by passing it through a 25-gauge syringe needle and centrifuging a final time. The substrates were purified with a GST affinity column according to the manufacturer's instructions and concentrated using a 30-kDa molecular mass cutoff filter. The protein concentration was determined using a bicinchoninic acid assay and the purified protein was then aliquoted and stored at −80°C until needed.
Cell culture NCI-H1975 (H1975) lung adenocarcinoma cells, IMR-90 lung fibroblast cells, K562 CML cells, and HL60 acute myeloid leukemia cells were obtained from the American Type Culture Collection. H1975, K562, and HL60 cells were grown in RPMI-1640 medium supplemented with 300 mg/L glutamine and 10 % fetal bovine serum as well as 100 U/mL penicillin and 100 μg/mL streptomycin. IMR-90 cells were grown in minimum essential medium with 10 % fetal bovine serum. For the passaging and harvesting of the adherent cultures, H1975 and IMR-90, cells were detached from the flask using trypsin-EDTA (0.25 % trypsin, 1 mM EDTA). To harvest all cultures, the cells were removed from the flask and centrifuged to form a pellet. They were then resuspended and incubated for 20-min in mammalian cell lysis buffer containing 50 mMN-(2-hydroxyethyl)piperazine-N′-ethanesulfonic acid, 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EDTA, 100 mM NaF, 10 mM sodium pyrophosphate, 0.2 mM sodium orthovanadate, 1 % Triton X-100, 10 % glycerol, cOmplete protease inhibitor cocktail, and 1 mM phenylmethanesulfonyl fluoride. The cells were centrifuged for 10 min at 10,000 rpm at 4°C. The supernatant was removed and stored at −80°C until use, and the final protein concentration was determined using a bicinchoninic acid assay.
In vitro solution-phase kinase assay Solution-phase kinase assays were performed by incubating 0.2 μg/μL GST-Gab1 or GST-Crkl, 0.2 μg/μL cell lysate, and 0.2 mM ATP in 1× kinase reaction buffer for 1 h at 37°C. Kinase reaction buffer contains 50 mM tris(hydroxymethyl)aminomethane (Tris)-HCl, 10 mM MgCl 2 , 2.5 mM MnCl 2 , 100 μM EDTA, 1 μM dithiothreitol, 0.015 % Brij 35, and 0.01 % bovine serum albumin (BSA). After the reaction, samples were denatured using 3× denaturing buffer (0.29 M sucrose, 0.12 M Tris base, 1 % sodium dodecyl sulfate, and 2 % β-mercaptoethanol) and run on a 10 % polyacrylamide gel. The gel was then transferred to a nitrocellulose membrane and blocked in 1 % BSA in Trisbuffered saline (10 mM Tris-HCl, 100 mM NaCl) with 0.1 % Tween-20 (TBST). Phosphorylated GST-Gab1 or phosphorylated GST-Crkl was detected using 0.25 μg/mL 4G10 phosphotyrosine antibody (Millipore) followed by a goat α-mouse horseradish peroxidase conjugated antibody (0.1 μg/ml) (Invitrogen). The secondary antibody was detected using enhanced chemiluminescence.
Microchannel fabrication
Microchannels were assembled as previously described [12, 13] and as shown in Fig. 1 . Briefly, we piranha-cleaned glass microscope slides and acrylic-functionalized them with 2 % (v/v) (3-acryloxypropyl)trimethoxysilane. After placing a polycarbonate cartridge with 150-μm thick adhesive on the cleaned slides, we filled the slides with a prepolymer solution containing isobornyl acrylate. A transparency mask was placed over the cartridge and the solution was polymerized with 320-500-nm light at 5.9 mW/cm 2 for 13 s (EXFO OmniCure S1000) (Fig. 1, step a) . We rinsed the channels with ethanol and then polymerized the slides for another 13 s. The channels were then briefly incubated with Rain-X and then heated at 60°C for 10 min to ensure they were dry.
Macroporous hydrogel micropillars were created in the microchannels as previously described [31] and as shown in . Capillary action or a peristaltic pump was used to flow this solution and subsequent solutions through the microchannels. A transparency mask was placed over the slide and the micropillars were polymerized at 16.8 mW/cm 2 for 50 s. After polymerization, the channels were washed briefly with cold phosphate-buffered saline with 0.05 % Brij 35 (PBSB), and then a 4 mg/mL solution of a kinase substrate protein in PBSB was incubated in the channels in a humidity chamber for 1 h at room temperature. The macroporous hydrogel micropillars contained acryloyl-X, which reacted with the exposed primary amines of the substrate protein and covalently linked the proteins to the macroporous hydrogel micropillars ( Fig. 1 step c) . The channels were washed with PBSB, and the reaction was quenched for 20 min with freshly made 0.5 M hydroxylamine in PBSB at pH 8.0-8.5. The solution was then briefly washed with TBST and incubated for 30 min in 1 % BSA in TBST.
Microchannel kinase assay
An immobilized-phase kinase reaction was performed in the microchannels by incubating approximately 6 μL of a reaction solution containing kinase buffer, 0.2 mM ATP, and lysate from 16,600 cells (6 μg total protein) in each channel for 1 h at 37°C (Fig. 1, step d) . To fill the microchannels, a drop of solution was placed on the inlet side of the channel and allowed to flow into the channel. In this step and in further steps in the assay, a peristaltic pump was used to pull solution through the channel at a rate of up to 0.64 mL/min. Met kinase buffer [50 mMN-(2-hydroxyethyl)piperazine-N′-ethanesulfonic acid, 5 mM MgCl 2 , 5 mM MnCl 2 0.02 % BSA, and 0.25 mM dithiothreitol at pH 7.5] was used when only Met, EGFR, or focal adhesion kinase (FAK) kinase activity was being measured, and kinase buffer was used when Abl kinase activity was being measured. When EGFR kinase activity was measured, 10 μg/mL epidermal growth factor was also included in the reaction solution. After the reaction, the channels were washed, blocked, and incubated with 2 μg/mL 4G10 mouse α-phosphotyrosine antibody and 6 μg/mL rabbit α-GST antibody (Invitrogen) as previously described [12] . After they had been washed again, the channels were incubated with a secondary antibody solution containing Alexa Fluor 488 goat anti-mouse and Alexa Fluor 594 donkey anti-rabbit (Invitrogen) at 10 μg/mL overnight at 4°C. After they had been washed again for 1 h in TBST, the channels were fluorescently imaged with an inverted epifluorescence microscope (Olympus IX70) with an attached monochrome CCD digital camera. The channels were imaged for fluorescent signals resulting either from the presence of GST or from the presence of phosphorylated tyrosines ( Fig. 1 , steps e and f).
Growth of cells in kinase inhibitor
H1975 cells were detached using trypsin and centrifuged to form a pellet. Cells were then resuspended in growth medium and counted with a hemocytometer. An appropriate volume of cell-containing medium and fresh medium was mixed such that the solution contained 230,000 cells per milliliter. Each well of a 24-well plate received 495 μl of this solution, and so each well contained 114,000 cells. Five microliters of either dimethyl sulfoxide or an inhibitor solution dissolved in dimethyl sulfoxide containing PHA665752, erlotinib, or both PHA665752 and erlotinib was added to each of the wells. On days 1, 3, and 5 after plating, cell counts were recorded for one well at each of the inhibitor concentrations. The cells were then centrifuged and lysed as previously described for cell harvesting.
Substrate immobilization for multiplexed kinase detection
To immobilize proteins in an alternating GST-Gab1 and no substrate pattern, we first polymerized the two hydrogel pillars on the outlet end of the microchannel. These pillars were then washed with PBSB and incubated with 4 mg/mL GST-Gab1 in PBSB for 1 h. The reaction was quenched with 0.5 M hydroxylamine inserted from the outlet end of the channel and in a small enough volume as to not reach the inlet end of the channel. After 20 min, the quenching solution was removed and the channels were washed with PBSB. The two hydrogel pillars adjacent to the previously polymerized pillars were polymerized, washed with PBSB, and immediately quenched as just described. This procedure continued until all five sets of hydrogel pillars had been polymerized and sets 1, 3, and 5 had been incubated with a GST-Gab1 solution. The channels were then washed with TBST followed by 1 % BSA in TBST, and the reaction proceeded as previously described. To immobilize GST-Crkl and GST-Gab1 proteins in the microchannels, we first polymerized the four hydrogel pillars on the outlet side of the microchannel, washed these pillars with PBSB, and incubated them with 4 mg/mL GST-Crkl. The reaction was quenched with 0.5 M hydroxylamine inserted from the outlet end of the channel and in a small enough volume as to not reach the inlet end of the channel. After 20 min, the quenching solution was removed and the channels were washed with PBSB. Next, the four hydrogel pillars on the inlet side of the slide were polymerized, washed with PBSB, and incubated with GST-Gab1. The pillars were washed with PBSB, briefly quenched, and washed again with PBSB. The final two pillars in the middle of the channel were then polymerized, and the whole channel was quenched for 20 min with 0.5 M hydroxylamine. The channels were then washed with TBST followed by 1 % BSA in TBST, and the reaction proceeded as previously described.
Immunodepletion of kinases H1975 cell lysate was depleted of FAK by incubating the lysate overnight at 4°C with FAK MAB2156 (0.03 mg/mL) (Millipore) followed by incubation for 2 h at room temperature using protein G agarose (final concentration 22.5 % protein G resin). The immunodepletion of H1975 lysate was then continued using Pierce's immunoprecipitation procedure for protein G agarose. H1975 cell lysate was depleted of EGFR kinase by a similar method using EGFR rabbit polyclonal antibody (0.03 mg/mL) (Santa Cruz Biotechnology).
Data analysis
Fluorescent signal intensity was analyzed for brightness of the hydrogel pillar using MATLAB as previously described [12] . For the microchannel data, we normalized the data in each experiment. We then averaged the normalized signals of each pillar from three independent experiments. To determine significance among samples, we used an analysis of variance single-factor test and defined significance to be a 95 % confidence level unless otherwise noted.
Results
Immobilization of substrate on specific pillars within microchannels
To create a multiplexed microchannel assay, we began by immobilizing either GST-Gab1 or no substrate in alternating sets of two hydrogel pillars, as shown in Fig. 2a . Gab1 is a Grb2-binding protein that interacts with Met kinase via a proline-rich domain and has previously been identified as a substrate suitable for detecting Met kinase activity [12, 23] .
High expression and activity levels of the receptor tyrosine kinase Met have been linked to a poor prognosis in NSCLC, and Met kinase has been shown to cause resistance to EGFR inhibitors in some NSCLC patients [24] .
Briefly, we created microchannels on a microscope slide by photopolymerization of an isobornyl acrylate solution. We then formed two PEG diacrylate hydrogel pillars containing acryloyl-X on the outlet side of the channel and incubated these channels with GST-Gab1, allowing primary amines of GST-Gab1 to covalently react with acryloyl-X. We continued forming sets of hydrogel pillars with either GST-Gab1 or no substrate until we had created ten pillars in Fig. 2 Immobilization of kinase substrate in alternating sets of pillars in microchannels. Glutathione S-transferase (GST)-Gab1 was immobilized at alternating sets of micropillars in a microchannel. No substrate was immobilized on the micropillars that did not contain GST-Gab1. a Micropillars with and without immobilized GST-Gab1 in a microchannel. b Anti-phosphotyrosine/Alexa Fluor 488 immunofluorescent images of macroporous hydrogel micropillars containing immobilized GST-Gab1 in the microchannel incubated with H1975 lysate. The image color is inverted. c Anti-GST/Alexa Fluor 594 (GST) and anti-phosphotyrosine/Alexa Fluor 488 (pTyr) signal intensity of macroporous hydrogel micropillars containing GST-Gab1 or no substrate and incubated with H1975 lysate. The position in the channel corresponds to the position of the spot starting from the inlet side of the channel. Signal intensity is the average gray value of the micropillar minus the average gray value of the background in the area immediately surrounding the micropillar. Three experiments were performed and the results of each experiment were normalized by the average value for the micropillars containing GST-Gab1 in that experiment. Error bars represent the standard deviation the channel (Fig. 2a) . This approach allowed us to measure the amount of protein immobilized at each pillar by detecting fluorescent signal with an α-GST antibody.
The lung adenocarcinoma cell line, H1975, is known to overexpress Met kinase [25] . We incubated 6 μg of H1975 cell lysate, corresponding to 16,600 cells, in a kinase reaction solution in the channels to measure phosphorylation of the immobilized GST-Gab1. As shown in Fig. 2b and c , there was a significant difference in GST signal between the hydrogel pillars with immobilized GST-Gab1 and the hydrogel pillars with no immobilized substrate. Figure 2b and c also shows that the immobilized substrate could still be phosphorylated by H1975 lysate even after multiple rounds of pillar immobilization and that there was no significant difference in phosphorylation on the basis of pillar position.
Solution-phase detection of kinase activity of Abl and Met kinase in cancer lysates
We next extended the assay to simultaneously detect the kinase activity of both Met and Abl kinase. We chose four different cell lysates in which to measure the activity of these kinases. K562 is a CML cell line and has previously been shown to possess high Bcr-Abl activity [13] . The HL60 cell line was derived from an acute promyelocytic leukemia patient and does not express Bcr-Abl [26] . We also used H1975 cells and noncancerous IMR-90 fetal lung fibroblast cells. To verify the differences in Met and Abl kinase activity in each of these cell lines, we performed solution-phase kinase reactions with each of these cell lines with either GST-Gab1 or GST-Crkl. Previous kinase reactions for Abl kinase and Met kinase activity had used different buffers for each kinase, with one notable difference being the presence of MnCl 2 in the Met kinase reaction buffer [12, 13] . Since neither Met nor Abl kinase activity was detected in a kinase reaction performed in the buffer for the other kinase (not shown), we added 2.5 mM MnCl 2 to the Abl kinase buffer. Using this buffer, we observed strong phosphorylation of GST-Gab1 only by H1975 lysate (Fig. 3a) . We also observed much stronger phosphorylation of GST-Crkl by the K562 lysate than by any other lysate (Fig. 3b ). These results demonstrate specific detection of Met and Abl kinase activity in a common kinase reaction buffer and provide a comparison for the immobilized kinase assay.
Multiplexed detection of Abl and Met kinase activity in microchannels
To prepare microchannels for multiplexed detection of Abl and Met kinase, we photopolymerized four micropillars on the outlet side of the microchannel and incubated these pillars with either GST-Crkl or GST-Gab1 (Fig. 4a) . We conducted replicates of the experiment with GST-Crkl immobilized on the outlet side or with GST-Gab1 immobilized on the outlet side to verify that the position of the substrate in the channel did not affect the relative phosphorylation by different lysates. Next we polymerized four micropillars on the inlet side of the microchannel and incubated these pillars with the remaining substrate. Finally, we polymerized two pillars in the center of the channel but did not incubate these pillars with any substrate. We then incubated the channels with one of the four cell lysates. Similarly to the solution-phase results, H1975 phosphorylated GST-Gab1 and K562 phosphorylated GST-Crkl to a significantly greater extent than the other lysates (Fig. 4b, c) .
To test whether the substrate phosphorylation was the direct result of Met or Abl kinase activity in the cell lysates, we also included PHA665752, a Met kinase inhibitor, or imatinib mesylate, an Abl kinase inhibitor, in some of the reactions [27, 28] . Met kinase inhibition by PHA665752 significantly diminished phosphorylation of the Gab1 substrates by H1975 lysates but not other lysates, indicating that the elevated Gab1 phosphorylation was the result of Met kinase activity in H1975 cells (Fig. 4b) . Similarly, imatinib mesylate decreased phosphorylation of immobilized Crkl by K562 cell lysate (Fig. 4c) . These results suggest that a multiplexed kinase assay has potential predictive value for determining the activity and specificity of a kinase inhibitor in a particular patient.
Inhibition of cell growth by Met kinase inhibitors
Hydrogel-immobilized substrates also have potential to be used as a tool to monitor the effects of TKI therapies on kinase activity. To simulate this situation, we cultured cells in the presence of TKIs. We first examined the effect of growing H1975 cells in the presence of the Met kinase inhibitor PHA665752. As shown in Fig. 5a , we grew cells Cells were then counted and harvested on days 1, 3, or 5 after plating and the kinase assay was performed on these cells to measure Met kinase activity. Figure 5b shows that the cells grown in the highest concentrations of PHA665752 showed slightly decreased expansion as compared with cells grown in cell culture medium without PHA665752. To determine if this growth inhibition was significant, we calculated the specific growth rate at each of the growth conditions using Eq. 1:
where X is the number of cells on a specific day, X 0 is the initial number of cells, μ is the specific growth rate (day -1 ), and t is time (days). We then plotted ln(X/X 0 ) versus t, and fit a linear regression line through the data to calculate the growth rate. As shown in Table 1 , there was significant (p< 0.05) growth inhibition when cells were cultured in 3 μM or 10 μM PHA665752. We also observed a significant decrease in the Met kinase activity of cells grown in higher concentrations of PHA665752, as shown in Fig. 5c . Since previous literature has reported a synergistic effect between Met and EGFR TKIs in some lung cancer cells, including H1975 cells [2] , we next decided to grow H1975 cells in PHA665752 and erlotinib, an EGFR inhibitor. We maintained the concentration of erlotinib constant at 3 μM and again varied the concentration of PHA665752 from 0.1 to 10 μM. In this experiment, although we detected a statistically significant decrease in cell growth rate with only erlotinib, we observed an even greater decrease in growth rate when PHA665752 was also included at a concentration of 3 μM or 10 μM, consistent with the notion that both Met and EGFR regulate H1975 cell proliferation (Fig. 5d, Table 2 ).
FAK and EGFR activity in microchannels
About 50 genes known to be related to cancer encode protein kinases, and 150 kinase-targeted drugs are in development for a variety of kinases [6] . Design of personalized cancer therapies may benefit from monitoring a large subset of these cancer-associated kinases. In our initial experiments alternating the immobilization of Gab1 and no substrate, we showed that up to five sets of substrates could be immobilized per channel, with one duplicate for each substrate. As a proof-ofconcept for multiplexing kinase assay quantification, we investigated two additional tyrosine kinases, FAK and EGFR, in addition to Met and Abl. FAK is a non-receptor tyrosine kinase associated with angiogenesis and is upregulated in some breast, colon, thyroid, prostate, oral, neck, lung, and ovarian cancers [1] . EGFR is a receptor tyrosine kinase in the ErbB family and has been linked to several cancers, including glioblastoma, head and neck cancer, NSCLC, breast cancer, colorectal cancer, and pancreatic cancer [29] . FAK is known to phosphorylate tensin on tyrosine residues [30, 31] , and a previous immobilized-phase kinase assay identified Eps15 as Fig. 4 Multiplexed detection of Met and Abl kinase activity in the presence and absence of Met and Abl kinase inhibitors. a The arrangement of micropillars immobilized with GST-Gab1, GST-Crkl, or no substrate. The position of GST-Gab1 and GST-Crkl was switched in one replicate of the experiments. b Anti-phosphotyrosine/Alexa Fluor 488 immunofluorescent images of macroporous hydrogel micropillars containing immobilized GST-Gab1 and incubated with K562, HL60, H1975, or IMR-90 lysates. During some of the incubations, the Met kinase inhibitor PHA665752 or the Abl kinase inhibitor imatinib mesylate was also included. c Anti-phosphotyrosine/Alexa Fluor 488 immunofluorescent images of macroporous hydrogel micropillars containing immobilized GST-Crkl and incubated with K562, HL60, H1975, or IMR-90 lysates. During some of the incubations, the Met kinase inhibitor PHA665752 or the Abl kinase inhibitor imatinib mesylate was also included. All microchannels contained four macroporous hydrogel micropillars with immobilized GST-Gab1, four macroporous hydrogel micropillars with immobilized GST-Crkl, and two macroporous hydrogel micropillars with no substrate. Signal intensity is the average gray value of the micropillar minus the average gray value of the background in the area immediately surrounding the micropillar. For each graph, three experiments were performed and the values for each experiment were normalized by the average value for the no inhibitor sample in that experiment. Error bars represent the standard deviation a phosphorylation substrate that could be used for measuring the kinase activity of EGFR [14] . H1975 lysate is known to overexpress both EGFR and FAK [25] . To determine if the kinase assay could specifically measure EGFR and FAK activity, we immunodepleted H1975 lysate of either EGFR or FAK. We then used our immobilized-phase kinase assay to measure phosphorylation of either GST-tensin or GSTEps15 by these lysates. As shown in Fig. 6 , we detected decreased phosphorylation of GST-tensin and GST-Eps15 when the lysate was depleted of FAK or EGFR, respectively, showing that the assay could detect kinase activity of these two kinases.
Discussion
Multiplexed detection provides an opportunity to assay for multiple kinases more quickly and with smaller sample sizes than would be needed to assay for each component separately. Kinase inhibitors are available for an increasing number of kinases, with FDA-approved inhibitors for at least ten kinases available in 2012 [6] , and there are frequently multiple kinases which may be overactive in a particular type of cancer. It is therefore often desirable to examine the activity of multiple kinases in a particular patient to determine which kinase inhibitors may be effective for that patient. Previous work using the microchannel system described in this article has shown that the Met kinase activity of as few as 150 H1975 cells can be detected in a single microchannel Specific growth rates were calculated by fitting a linear regression line to the data for each growth condition based on Eq. 1. Specific growth rates were calculated for each of three experiments and were then averaged a Statistical significance at the 95 % confidence level as determined by dilution of cell lysate and detection with 95 % confidence of phosphorylation signal above the signal levels obtained with no lysate [12] . By immobilizing the substrates for two kinases into a single microchannel, we have demonstrated the ability to measure the activity of two kinases without increasing the sample size. Furthermore, by alternating immobilization of Gab1 and no substrate, we have demonstrated a possibility of measuring the activity of up to five kinases in a single microchannel, potentially further decreasing the sample size needed per kinase. In contrast, previous assays have required at least several hundred to several thousand cells to measure the activity of one kinase [13, 32] . Multiplexed detection also decreases the assay time per kinase. Although it requires about 12 h to perform the assay on 12 samples for one kinase, only an additional 2.5 h is required to immobilize a second substrate onto the slide to detect a second kinase. Since new microchannels and micropillars must be fabricated for each use and labor costs are expected to be the most expensive component of this assay, this is a significant cost reduction per kinase tested. Several aspects of this assay need to be developed further for reliable multiplexed detection of additional kinases. Whereas the signal intensity of ten micropillars may be averaged to generate a kinase activity profile for one kinase, this value falls to four micropillars per kinase when two kinase substrates are immobilized and two pillars are used as no-substrate controls. For detection of five or even ten kinases per channel, only one or two micropillars are available for detecting the activity of each kinase, so accurate signal intensity from each micropillar becomes critical and variations between microchannels or micropillars are less tolerable. Although we demonstrate the reproducibility of this assay by detecting specific activity of two kinases with 95 % confidence over three independent replicates, a more consistent microchannel fabrication method may be needed for detection of additional kinases. Hot embossing of thermoplastics has been used to create microchannels ranging from tens of micrometers to millimeters and offers potential for rapid and high-fidelity fabrication of microchannels [33] . Another challenge of creating a multiplexed assay is identifying appropriate substrates for detection of each kinase. These substrates must be specifically phosphorylated by only one tyrosine kinase in the cell lysate. Although a thorough literature search will likely reveal potential substrate candidates, in vitro verification of the sensitivity and specificity of each of these substrates will be necessary.
Although the use of kinase inhibitors has revolutionized the way certain cancers are treated, choosing an effective kinase inhibitor or set of kinase inhibitors for a particular patient is still a challenge. For example, only some patients with NSCLC exhibit overactivity of EGFR kinase [34] . Additionally, only about 75 % of patients with overactive EGFR will respond to the EGFR inhibitors erlotinib and gefitinib [34] . In some cases, this resistance is caused by an additional mutation in the EGFR kinase [35] . In other cases, however, the resistance results from overactivity of another kinase, such as Met kinase, and could potentially be treated by a combination of both Met and EGFR kinase inhibitors [2] . A predictive method is needed to determine to which of Fig. 6 Specific detection of focal adhesion kinase (FAK) and epidermal growth factor receptor (EGFR) kinase activity in microchannels. a Anti-phosphotyrosine/Alexa Fluor 488 signal intensity of macroporous hydrogel micropillars containing GST-tensin for H1975 lysate and FAK-depleted H1975 lysate. b Anti-phosphotyrosine/Alexa Fluor 488 signal intensity of macroporous hydrogel micropillars containing GST-EGFR pathway substrate 15 for H1975 lysate and EGFR-depleted H1975 lysate. Signal intensity is the average gray value of the micropillar minus the average gray value of the background in the area immediately surrounding the micropillar. Three experiments were performed and the results of each experiment were normalized by the average value for H1975 lysate in that experiment. Error bars represent the standard deviation. The difference in phosphorylation signal was significant at the 95 % confidence level for both a and b Although our results showed the substrate-immobilized hydrogels could be used to measure the activity of FAK and EGFR kinase, the fluorescent signal was low even for H1975 lysate that had not been depleted of FAK or EGFR. Although the number of cells used in this experiment, 16,600 cells per microchannel, would commonly be available from a clinical sample, such as a fine-needle aspirate, we would prefer to use fewer cells so that some of the sample can be saved for other purposes or in case the sample also contained a large number of noncancerous cells [36] . Sensitivity limitations may also present a challenge for assaying actual patient samples in which FAK or EGFR activity may be present at lesser yet still significant levels. These results indicate that further optimization of parameters such as reaction time, substrate concentration, and buffer is likely needed for reliable detection of these kinases.
We also investigated the effect of kinase inhibitors during cell growth. Since resistance to inhibitors often develops during the course of treatment [35] , it is important to measure changes in kinase activity in patients who are currently taking a kinase inhibitor. By growing cells in PHA665752 and then measuring Met kinase activity in these cells, we showed that kinase activity during cell growth, or potentially in a patient tumor, could be assessed with this assay. Likewise, we expect that resistance to inhibitors through kinase mutation would also be observed as increased Met kinase activity. Monitoring kinase activity from a patient treated with a kinase inhibitor could also provide information on the mechanism of the resistance. If a patient has developed resistance due to another overactive kinase in the tumor, the TKI would still be effective at inhibiting the activity of a particular kinase, but not at inhibiting cell growth, similar to H1975 cells grown only in PHA665752. Mutations in the kinase targeted by TKIs that prevented its inhibition would appear as increased phosphorylation of the hydrogel pillars. This information could be valuable in helping clinicians to choose second-generation TKIs targeting the same kinase or to choose additional TKIs targeting other kinases.
When inhibitor resistance is caused by the overactivation of multiple kinases in cancer cells [35] , a method is needed to determine which combination of inhibitors may be effective even when an inadequate effect on cell growth is seen with one inhibitor. Our data show that although both Met inhibition by PHA665752 and EGFR inhibition by erlotinib were needed for the greatest inhibition of H1975 cell growth, Met kinase activity and susceptibility of this activity to PHA665752 could be detected with this assay even when the cells were grown only in PHA665752. By detecting the kinase activity and inhibition of particular kinases and inhibitors even when effects on cell growth are small, this assay has potential to predict combinations of inhibitors that may be effective for a particular patient. This information could be useful for patients who do not adequately respond to Met or EGFR inhibition alone, but may respond to a combination of inhibitors.
Conclusions
In this work, we developed a multiplexed kinase activity assay to detect the activity of Met and Abl kinases. We showed that as many as five different sets of duplicate substrate spots can be immobilized per channel, offering the possibility of detecting up to five kinases in a single channel. We also showed that this assay could detect Met kinase inhibition in cells grown in the Met kinase inhibitor PHA665752. This system has potential to be developed into a clinical diagnostic to determine which kinases are overactive in a particular patient and to predict to which inhibitors of those kinases a particular patient may respond. This device may also potentially be used to continue to monitor patients during kinase inhibitor treatment to quickly detect resistance to kinase inhibitors.
